We report the purification of four proteins from Escherichia 
INTRODUCTION
The H protein is a histone-like protein derived from Escherichia coli, originally isolated as an inhibitor of in vitro replication (1) . It has been shown to cross-react immunologically with histone H2A and to have an amino acid content similar to histone H2A (1) . The H protein also has DNA-binding activity (1, 2) and has been identified as one of several proteins associated with the E. coli nucleoid (3, 4) .
It has been estimated that there are 120,000 copies of H protein in rapidly growing E. coli cells, enough to cover a significant fraction of the E. coli chromosome (2) . This is one of several proteins playing a significant role in current research to elucidate the manner in which DNA is packaged in E. coli (3) (4) (5) .
Our interest in this protein and its function is indirect, the result of an observation occurring in the course of our studies on site-specific recombination in the yeast 2 micron plasmid.
The 2 micron circle is an autonomously replicating plasmid found in most strains of yeast Saccharomyces cerevisiae with a copy number of 60 to 100 copies per haploid cell (6, 7) . The plasmid exists in two isomeric forms in the cell, which are related by a DNA inversion mediated by a plasmid-encoded site-specific recombination system (8, 9) .
The recombinase, called FLP protein, has been purified to homogeneity from E. coli strains in which it has been expressed (10) (11) (12) (13) .
Purified FLP protein has several properties that differ from those observed with partially purified preparations, or that varied unpredictably from one fraction to the next as purification protocols were developed (12) . 3145 
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Most of these properties involved the overall amount of activity present, and the relative efficiency of intermolecular vs. intramolecular recombination. A purification step could yield either a decrease or increase in total FLP protein activity present. In other cases, different fractions were found that exhibited considerable bias towards intermolecular rather than intramolecular recombination.
High concentrations of FLP protein in partially purified preparations were found to inhibit both recombination reactions.
In contrast, purified FLP protein exhibits a pronounced and readily explained preference for intramolecular recombination, and inhibition of the reaction is not observed even when the protein is present in large excess (12, 13) .
Subsequently, an E. coli protein fraction was prepared from E. coli C-600 cells not expressing FLP protein. This fraction duplicated the effects on inter-and intramolecular recombination described above when added to reactions containing pure FLP protein.
Low concentrations enhanced the recombination reaction. Large increases in the concentration of the E. coli protein fraction resulted in the inhibition of both reactions (12) . These effects were found to be protease sensitive, but were not duplicated by additions of bovine serum albumin (BSA) or other proteins (HU or integration host factor (IHF)) previously shown to affect site-specific recombination in other systems (14, 15) .
Purification of the E. coli protein(s) responsible for these effects was undertaken to determine the nature of the protein(s) involved.
We describe here the purification and characterization of four E. coli proteins that produce the effects on FLP protein mediated recombination described above.
One of the proteins has been identified as H protein (1) . The N-terminal sequences of the four E. coli proteins were used to search a protein sequence bank to determine if these proteins had been described previously. H protein was found to be identical to the 30S ribosomal protein subunit protein S3 (16) . The other proteins correspond to 30S ribosomal subunit proteins S4 (17) and S5 (18) , and 50S ribosomal subunit protein L2 (19) . All of these ribosomal protein sequences have been confirmed by direct DNA sequencing (20) (21) (22) . In the course of this study, the focus was shifted from FLP protein to the E. coli nucleoid. Whereas the results begin with effects on FLP-mediated reactions, the primary subject of this report is the H protein -S3 identity and its implications with respect to nucleic acid binding activities in E. coli.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. Bacterial strain C-600 K-was used for the preparation of E. coli proteins (23) . Plasmid pMMC3 (10) was purified from the E. coli strain HB101 by banding twice in CsCl gradients in the presence of ethidium bromide (24) .
Proteins. FLP protein was purified by C. Gates and its concentration determined as described (13) . FLP (24) .
The samples were electrophoresed on an 0.8% agarose gel as described (24) . DNA was visualized by staining with ethidium bromide (24 All purification steps were carried out at 0-5°C.
Cells were disrupted by sonication, on ice, at 120 watts for five minutes, in one minute bursts. The cells were allowed to cool between bursts.
The lysate was diluted with 100 ml of 25 mM Tris (50% cation), 1 mM EDTA, and 2 M NaCl, and centrifuged at 18,000 rpm in a Beckmann JA-20 rotor for 80 minutes. The supernatant, 240 ml, is fraction I (Table la) Protein was eluted with a 400 ml linear gradient from Nucleic Acids Research 150 mM NaCl to 1.0 M NaCl, in buffer P. The column was run at 0.6 ml/minute and 3 ml aliquots were collected in plastic test tubes. Three sets of fractions were pooled (fraction IVa; not shown, IVb (Table lc) , and IVc (Table lb) .
The letters following a fraction number refer to the order of elution from the column. Table numbers refer to the purification table where the data appears. Fraction IVa, tubes 28-34, contained L2.
L2 degraded during short-term storage on ice. For this reason, L2 was generally purified in a separate preparation as described below. Fraction IVb, tubes 50-58, contained S4. Fraction IVc, tubes 60-70, contained S3/H protein, and S5.
Some stimulatory activity was present at other points in the gradient. It was not determined whether this was due to the presence of small amounts of the proteins described here, or to additional proteins that remain unidentified.
Purification of S3/H Protein and S5
Biogel P100 Chromatography. Fraction IVc, 34 ml ( The column was run at 10 ml/hour, and 2.5 ml aliquots were collected. S5 eluted just after the void volume had passed through the column, tubes 33-37. These tubes were pooled to give fraction Va, 12 ml. Densitometric scanning of a Coomassie blue stained SDS/polyacrylamide gel of fraction Va indicated that S5 accounted for greater than 98% of the stained material (Table lb, Fig. 2a) .
Tubes 45-49, which contained S3/H protein, were also pooled to give fraction Vb (Table lb) .
Approximately 80% of the protein in this fraction was S3/H protein. Most of the remainder was S4. The protein peak of S4 appeared just after the protein peak of H protein on the Biogel P100 column. In addition, a small amount of S4 appeared after the column void volume, and trailed throughout the column. These properties allowed separation of the two proteins by repetition of the same Biogel P100 column.
A portion of fraction V (8 ml, 4 mg) was precipitated by addition of solid ammonium sulfate, 4.5 g (80% saturation), and stirred for 30 minutes. The precipitate was collected by centrifugation at 18,000 rpm in a Beckmann JA-20 rotor. The pellet was resuspended in 1 ml of buffer T [0.05], and applied to the 225 ml Biogel P100 column.
The column was run at 10 ml/hour and 2.5 ml aliquots were collected. Tubes 44-47 contained S3/H protein greater than 95% pure (fraction VI, Table lb) (Fig. 2a) . Purification of S4 Biogel P100 ChromatograRhy. Fraction IVb, 28 ml (Table lc) . The protein was collected in a total volume of 1.2 ml, and was applied to the same 225 ml bed volume Biogel P100 column equilibrated in buffer T [0.05]. The column was run at 10 ml/hour and 2.5 ml aliquots were collected. Tubes 51-54 were pooled to give fraction V (Table lc) .
Orange A Agarose Chromatography.
Fraction V was loaded onto a 3 ml Orange A agarose column equilibrated in buffer T [0.05].
The column was washed with 3 ml buffer T [0.05]. Protein was eluted with a 60 ml linear gradient from 50 mM NaCl to 1 M NaCl in Buffer T.
The column was run at 0.2 ml/minute and 1.5 ml aliquots were collected. Tubes 22-29 were pooled to give fraction VI, 9.5 ml. This fraction contained S4 that was greater than 95% pure (Table lc, Fig. 2b ). The column was run at 0.9 ml/minute and 2.5 ml aliquots were collected. Tubes 23 and 24 were pooled to give fraction IVa, 5 ml (Table 2) .
Biogel P100 Chromatography. Fraction IV was precipitated with ammonium sulfate (80% saturation).
The pellet was resuspended in 600 pl buffer T [0.05] and applied to a 225 ml Biogel P100 column equilibrated in buffer T [0.05]. The column was run at 10 ml/hour and 2.5 ml aliquots were collected. Tubes 49-51 contained L2 that was greater than 95% pure (fraction V, Table 2 , Fig. 3 ).
RESULTS

Notes on the Purification Procedures
The initial goal of these experiments was to purify the protein or proteins that stimulated the recombinase activity of FLP protein in vitro. The FLP recombination assay is illustrated in Figure 1 . The E. coli protein activity is made evident by an increase in the number and intensity of DNA bands resulting from intermolecular recombination compared with control reactions containing only FLP protein.
In preliminary trials, a number of purified proteins were added to the in vitro FLP recombination reaction, in an attempt to duplicate the stimulatory effect and possibly identify the factor responsible. Bovine serum albumin (1 mg/ml), which might stabilize the dilute FLP protein, had no effect. No Figure 1 . FLP recombination assay. The assay of FLP protein-mediated sitespecific recombination uses a 9.5 kb linear DNA substrate molecule, S, which contains two FLP recombination sites arranged in direct orientation. Two types of recombination reactions can be observed: a) Intramolecular recombination produces two products, P3, a 2.9 kb circular DNA molecule, and P2, a 6.6 kb linear DNA molecule. b) Intermolecular recombination between two different FLP recombination sites produces a 6.6 kb linear product, P2, identical to that produced in the intramolecular reaction, and a 12.4 kb linear product, P1. c) P1 can react further with S, to produce larger products.
These can be seen as a ladder of bands (Figs. 4 and 5) , each larger in size by 2.9 kb. filtration columns were run. This suggested that multiple active species were present, and a decision was made to purify more than one. In several cases, separation methods were developed by following the appropriate protein band in SDS/polyacrylamide gels, and pooling those fractions that contained the desired protein.
These pools were then assayed to ensure that they contained stimulatory activity. Activity assays were not usually performed Table 4 .2. Protein fractions were generated during the purification of L2. 12% running gel, 6% stacking gel. (16, 20) . The 16 kDa protein and the 24 kDa protein correspond to S5 (18, 22) and S4 (17, 21) , respectively. The 26 kDa protein is L2, of the 50S ribosomal subunit (19, 20 sequence of L2 matches the published sequence at only 16 of 20 positions. We do not know whether the discrepancy is due to a sequencing error in our data. The possibility exists that this is a new protein with homology to L2 at the N-terminus. concentrations (1) . In the present study S3/H protein, L2, and S4 eluted in order from a Biogel P100 column at positions expected if these proteins form stable homodisers (not shown). Some of the S4 and all of the S5 were found in the void volume, suggesting the formation of higher order aggregates. Small amounts of 84 trailed throughout the column.
Earlier work had indicated that these proteins were elongated or cylindrical in shape (29) . These proteins are now believed to be globular (30) .
Deviations from a globular structure would affect the elution of a protein from a sizing column.
The purified ribosomal proteins were heated to 90% for five minutes, then centrifuged to remove any precipitate. The proteins were assayed for FLP protein stimulatory activity, as described below, along with identical samples that had not been heated. 83/H protein, L2, and 55 showed little or no loss of stimulatory activity after heating. 84 (Fig. la) , to produce a circular product, P3, and a smaller linear product, P2. pMMC3 can also undergo intermolecular recombination (Fig. lb) , to produce a larger linear product, P1, and a smaller linear product identical to that produced by intramolecular recombination, P2. P1 can react further with substrate ( Fig. ic) , to produce a series of larger linear products, which appear on an agarose gel as a ladder of bands migrating above the substrate band (31) . Products collectively designated P1 are diagnostic of an intermolecular recombination reaction, while the product designated P3 is diagnostic of an intramolecular recombination reaction.
The effect of the purified ribosomal proteins on FLP protein mediated site-specific recombination is shown in Figure 4 . Three sets of FLP protein recombination reactions are shown to illustrate the effect of each of the four purified ribosomal proteins. Each of the four ribosomal proteins has a similar effect on FLP protein recombination. Each reaction in a set contains a consecutively decreasing amount of FLP protein (from left to right, see Methods). The ratio of FLP protein monomer to FLP recombination site in each consecutive reaction is 22:1, 11:1, 5.5:1, 2.8:1, and 1.1:1.
The sets of reactions labeled A are control reactions and contain no added ribosomal protein. The sets of reactions labeled B and C contain added ribosomal protein, and each reaction within a set contains the same amount of added protein.
In the sets of reactions labeled B, an amount of ribosomal protein (determined empirically, see Table 5 ) sufficient to stimulate the production of intermolecular recombination products, P1, compared to the control set of reactions in set A, is added to each reaction. Intramolecular recombination products, P3, are also observed, and in some cases, they are more intense than in the control reactions (Fig. 4a,b, and d) .
In the sets of reactions labeled C, the amount of ribosomal protein added to each reaction was doubled relative to set B. An exception was the experiments with L2, where 2.6 times the amount of protein in B was added to C. Production of intermolecular recombination products, P1, is increased further, while production of intramolecular recombination products, P3, is inhibited.
H protein was shown to inhibit the activity of a number of DNA binding proteins (12) . This inhibition required a stoichiometric amount of H protein, with saturation reached at a ratio of one H protein dimer/75 bp of DNA. Using this value, there are 125 H protein dimer binding sites/pMMC3 molecule. The amount of H protein in the H protein assays corresponds to 20% (set B) and 40% (set C) saturation of the DNA substrate.
The ratios of ribosomal protein monomers/pMMC3 molecules in the sets of reactions shown in Figure 4 are shown in (Fig. 4a,b, and d ). This indicates that the ribosomal proteins do not increase intermolecular recombination solely by decreasing intramolecular recombination.
In the sets of reactions labeled C, the intramolecular recombination reaction is inhibited while the intermolecular recombination reaction is stimulated further. The purified ribosomal proteins were too dilute to allow addition of enough protein to the FLP recombination reaction to cause The ratios of ribosomal protein monomers:pMMC3 in the sets of reactions in Figure 4 are listed.
inhibition of all reactions. S5 was concentrated and titrated into the FTP recombination reaction (not shown). (34) . The effect of histone proteins on FLP protein site-specific recombination is shown in Figure 5 .
The effect of histone proteins on FLP protein recombination is similar to that of the ribosomal proteins, although the degree of stimulation is not as great. In the set of reactions labeled B, the intermolecular recombination is stimulated relative to the control reactions in set A, while the intramolecular recombination products, P3, are still observed.
In the set of reactions labeled C, the intermolecular recombination reaction is stimulated further, while the intramolecular recombination reaction is inhibited. FLP protein recombination products can be detected at a five fold lower concentration of FLP protein in set C, compared to the control reactions. Increasing the concentration of the histone proteins leads to complete inhibition of the FLP protein recombination reaction. The species responsible for the stimulation has not been determined. Both the H2A-H2B dimer and the H3-H4 tetramer could cause the stimulation.
Alternatively, if only one of these species is active, the other could bind DNA as a competitive inhibitor. This would lower the effective concentration of the active species on the DNA and account for the lower level of stimulation observed, compared to the stimulation of FLP protein recombination caused by the ribosomal proteins.
DISCUSSION
The primary finding of this study is that H protein is ribosonal protein S3. This protein has been linked to the E. coli nucleoid by virtue Nucleic Acids Research of its histone-like properties (1), its DNA binding activity (1) , the large amount of it in the cell (2), and its presence in nucleoid preparations (4) . At least three other ribosomal proteins (S4, S5, L2) appear to have similar properties. All of these proteins mimic histones at least with respect to some physical properties and effects on FLP-mediated recombination. This observation is important to current efforts to elucidate the structure of the E. coli nucleoid.
Either some ribosomal proteins serve a second function -DNA packaging -in E. coli, or, more likely, some ribosomal proteins are fortuitously associated with the nucleoid in many preparations.
Association of some ribosomal proteins with DNA should not be surprising. All four of the proteins identified here bind to rRNA (35) . The DNA binding activity of S3/H protein (1), and evidently some other ribosomal proteins, is most likely a simple manifestation of their function in ribosome structure.
Preparation of crude extracts in the presence of EDTA tends to dissociate ribosomes, making these proteins the major basic, low molecular weight contaminants in such a preparation. As indicated by the published properties of H protein, these proteins can affect many processes in DNA metabolism in vitro.
We have considered the possibility some or all of these ribosomal proteins serve a second function in DNA packaging.
The link is strongest with the H protein (1, 2) .
This protein binds to duplex DNA and catalyzes re-annealing of complementary single strands, properties associated with histones (1) . It is also very heat-stable and exhibits an evident structural identity with histone H2A (1) . A scan of sequence databases reveals there is significant homology on the amino acid level between H2A and E. coli S3 with 20% or greater amino acid identity in some extended regions depending on alignment and the species from which the H2A sequence is taken. While this may suggest a basis for the immunological cross-reactivity of S3 and H2A, much of the homology involves regions highly enriched for glycine, alanine, arginine and lysine (many of the amino acid matches involve these residues) and may be a fortuitous reflection of the nucleic-acid binding function of both proteins. Interestingly, both polypeptides of the best characterized E. coli histone-like protein, HU, exhibit significant amino acid sequence homology with ribosomal protein S5 in a wide range of bacterial species (36, 37) .
Nevertheless, the links are generally circumstantial and the results are best explained by a fortuitous DNA binding activity of these ribosomal proteins. EDTA is commonly added to cell extracts in an effort to reduce the activity of enzymes such as nucleases. Since EDTA facilitates the dissociation of ribosomes, ribosomal proteins are present in abundance in such extracts. The potential for artifact production, especially in studies of DNA metabolism and DNA packaging, is obvious.
The effects of these ribosomal proteins on FLP-mediated recombination explain several published observations made with partially purified FLP protein fractions (31, 38 ).
An apparent bias toward intermolecular recombination seen in some studies (31) was clearly due to the effects of these contaminants. The results almost certainly do not reflect any specific effect of these proteins on the FLP system. Instead, they provide new information about the complex interrelationships and roles of nucleic acid binding proteins in E. coli.
